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Edited by Richard CogdellAbstract A sensor of blue light using FAD (BLUF) protein is a
ﬂavin adenine dinucleotide (FAD) based new class blue-light sen-
sory ﬂavoprotein. The BLUF domain of AppA was reconstituted
in vitro from apoprotein and ﬂavin adenine dinucleotide, ﬂavin
adenine mononucleotide or riboﬂavin. The light-induced FTIR
spectra of the domain reconstituted from various ﬂavins and
the 13C-labeled apoprotein showed that identical light-induced
structural changes occur in both the ﬂavin chromophore and pro-
tein for the signaling state in all of the reconstituted holopro-
teins. The results showed that an adenosine 5 0-dinucleotide
moiety is not required for signaling-state formation in a BLUF
domain.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Signaling state1. Introduction
AppA is a member of a new class of blue-light receptors
named the sensor of blue-light using FAD (BLUF) proteins
[1,2]. AppA interacts with a transcriptional repressor PpsR
to form an AppA–(PpsR)2 complex in dark or low light condi-
tions, but blue-light excited AppA is unable to associate with
PpsR, and allows PpsR to bind to the promoters of photosyn-
thesis genes in Rhodobacter sphaeroides [3,4]. Upon illumina-
tion, AppA is converted into a signaling state showing a
red-shifted UV–visible absorption of ﬂavin adenine dinucleo-
tide (FAD), and this signaling state is dark relaxed to the
ground state [3]. The AppA N-terminal BLUF domain exhibits
the same red shift [5,6], and can transmit the light signal via a
separately expressed truncated C-terminal domain in vivo [7].Abbreviations: ADP, adenosine 50-monophospate; BLUF, sensor of
blue-light using FAD; FAD, ﬂavin adenine dinucleotide; FMN, ﬂavin
adenine mononucleotide; FTIR, Fourier transform infrared; RF,
riboﬂavin
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have been extensively carried out using the AppA BLUF do-
main [6,8] and a cyanobacterial BLUF protein, Slr1694 [9–
11]. These have demonstrated that prominent structural
changes occurred in the protein as well as in a part of an iso-
alloxazine ring (see Fig. 1) upon formation of the signaling
state. It has been proposed that the protein structural changes
are induced by rearrangement of hydrogen bond network trig-
ged by strengthening or formation of hydrogen bond to
C4‚O of isoalloxazine ring from an amino acid residue
[8–11]. The natural chromophore in BLUF proteins has been
believed to be FAD, of which adenosine 5 0-monophospate
(ADP) moiety is often associated with surrounding of an
FAD-binding pocket in many ﬂavoenzymes. Therefore, it is
important to know whether or not the ADP moiety partici-
pates in the light-induced structural changes for the signaling
state in a BLUF domain. Recently, structures of the AppA
BLUF domain [12] and a cyanobacterial BLUF protein,
Tll0078, [13] were reported, however the ADP moiety was
not well deﬁned in both the structures.
To elucidate the role of the ADP moiety of FAD, the AppA
BLUF domain were reconstituted in vitro from ﬂavin, includ-
ing FAD, ﬂavin adenine mononucleotide (FMN) or riboﬂavin
(RF), and uniformly 13C labeled apoprotein. Light-induced
structural changes of the reconstituted holoproteins were char-
acterized by means of FTIR spectroscopy. The results clearly
showed that the ADP moiety is not implicated in signaling
state formation in a BLUF domain.2. Materials and methods
2.1. Protein expression, puriﬁcation and reconstitution
Expression of the BLUF domain of AppA (AppA126), uniform 13C
isotope labeling, protein puriﬁcation and in vitro reconstitution of the
BLUF domain were performed as described previously with modiﬁca-
tions [8]. For reconstitution, 30 mM FAD disodium salt (SIGMA),
30 mM FMN sodium salt (NACALAI TESQUE) or 3 mM RF (SIG-
MA) was added to the denatured apoprotein, which was then dialyzed
against a series of phosphate buﬀer (pH 7.3) supplemented with guani-
dine hydrochloride, arginine hydrochloride (WAKO) and FAD, FMN
and then ﬁnally dialyzed against the phosphate buﬀer overnight. The
solvent medium of the reconstituted AppA126 was replaced with a buf-
fer medium containing 50 mM Tris/HCl and 1 mM NaCl (pH 8.0) by
repeated concentration and dilution using Microcon YM-30 centrifu-
gal ﬁlter devices (MILLIPORE). Finally, the samples were concen-
trated to approximately 0.3 mM of protein.blished by Elsevier B.V. All rights reserved.
Fig. 1. Structures of ﬂavins used for reconstitution experiments.
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The sample solution (5 ll) applied to a BaF2 disk was dried, and
followed by hydration by placing a 1-ll droplet of 40% glycerol/H2O
(v/v) solution as described in [9]. After dark incubation at 15 C for
3 h, FTIR spectra were recorded at 15 C and 4 cm1 resolution by
averaging 32 scans (20 s accumulation) using a Bruker IFS66v/s spec-
trophotometer with an MCT detector as described in [9]. A light-
minus-dark spectrum was obtained by subtracting the single-beam
dark spectrum from that acquired following continuous illumination
for 10 s with light (350–550 nm). The obtained FTIR spectra were nor-
malized based on the amide I absorption at 1650 cm1 of native AppA
spectrum. UV–visible absorption spectra of samples in solution or
sandwiched between BaF2 disks were recorded on a Shimadzu Multi-
Spec-1500 photodiode array spectrophotometer as described previ-
ously [8–11].3. Results
3.1. Light-induced changes in UV–visible absorption spectra of
reconstituted AppA126
Fig. 2A shows the light-induced changes in the UV–visible
absorption of the BLUF domain of AppA (AppA126) recon-
stituted with (a) FMN, (b) RF or (c) FAD in a buﬀer solution.
The dark-adapted proteins exhibited almost identical spectra
with two broad ﬂavin peaks centered at 370 and 443 nm with
shoulders at 355 and 466 nm (dashed lines). These spectral fea-
tures also exactly matched the dark state spectrum of the non-
reconstituted native AppA126 [8]. Upon illumination, the
spectra showed the same absorption red shift in the ﬂavin
peaks (solid lines). The present results are compatible with
those reported for the histidine tagged BLUF domain of AppA
(AppA5–125), which was enriched with FAD, FMN or RF by
addition of each ﬂavin to the cell-extract of AppA5–125 express-
ing E. coli before puriﬁcation [14].
As shown in Fig. 2B, the reconstituted AppA126 with FMN
(a) or RF (b) gave identical light-minus-dark diﬀerence spec-
tra, which were also identical with that of the native and the
reconstituted AppA126 with FAD [8]. The light-induced
absorption changes dark-relaxed exhibiting no change in spec-
tral features (data not shown for FAD), although some small
diﬀerence in the half-decay time was observed: 11 min
(FAD), 8 min (FMN) and 10 min (RF). Density functional
theory calculations have shown that the long wavelengthabsorption of ﬂavin is signiﬁcantly sensitive to hydrogen bond-
ing at C4‚O of a ﬂavin isoalloxazine ring [11], and the
strengthened hydrogen bonding at the C4‚O position is pre-
dominantly responsible for the light-induced absorption red
shift [8,10,11]. Therefore, it is likely that largely identical
changes are induced in a close vicinity to the C4‚O group
in all three reconstituted and native AppA126.
3.2. Light-induced protein structural changes of reconstituted
AppA126
Fig. 3 shows the light-minus-dark FTIR diﬀerence spectra of
AppA126 reconstituted with (a) FMN, (b) RF or (c) FAD, and
non-reconstituted native AppA126 (d). The four spectra were
very similar to one another with two sets of distinct peak-
derivative shaped bands at 1709()/1695(+) and 1632(+)/
1619() cm1 in addition to many smaller bands below
1600 cm1. A rough similarity of light-induced FTIR diﬀer-
ence spectra was brieﬂy reported for AppA5–125 proteins en-
riched with FAD, FMN or RF [14]. Our previous analyses
showed that many light-induced protein and chromophore
bands overlapped in the light-induced FTIR diﬀerence spectra
of AppA126 [8]. The ﬂavin and protein bands can be disentan-
gled by measuring the spectra of AppA126, of which ﬂavin or
apoprotein is selectively labeled with isotope.
Fig. 4 shows the light-minus-dark FTIR diﬀerence spectra
of AppA126 that was reconstituted from FMN (a), RF (b)
or FAD(c), and uniformly 13C-labeled apoprotein (12C-ﬂa-
vin/13C-apo). The spectra of the reconstituted AppA126 using
non-labeled apoprotein (12C-ﬂavin/12C-apo) are also pre-
sented in the ﬁgure for comparison (dashed lines). Curves
in d show the FTIR diﬀerence spectra of the non-reconsti-
tuted native (dashed line; 12C-FAD/12C-apo) and the uni-
formly 13C-labeled (solid line; 13C-FAD/13C-apo) AppA126,
respectively. Most of the bands in the reconstituted AppA126
(12C-ﬂavin/12C-apo) spectra changed markedly in position
and amplitude in the spectra of AppA126 reconstituted using
the 13C labeled apoprotein, indicating that light-induced pro-
tein structural changes largely contribute to the observed IR
bands. The much similarity between the reconstituted 12C-ﬂa-
vin/13C-apo spectra (a–c, solid lines) and the native 13C-
FAD/13C-apo spectrum (d, solid line) at 1650–1550 cm1
indicates that the bands at 1630(+), 1618(+), 1610(),
1591(+) and 1579() cm1 are ascribed to the light-induced
structural changes of the protein. Note that the major protein
bands at 1591(+)/1579() cm1 can correspond to the
1632(+)/1619() cm1 bands in the non-labeled spectra by
considering the 13C isotopic shift. In contrast, some similarity
of the spectral features at 1725–1650 cm1 between the recon-
stituted 12C-ﬂavin/13C-apo AppA126 (a–c, solid lines) and the
native 12C-ﬂavin/12C-apo AppA126 (a–c, dashed lines) sug-
gests the major contribution of the C4‚O stretch of an iso-
alloxazine ring at 1707()/1684(+) cm1 to the spectra
although several protein bands are overlapped in this region
[8]. Notably, the reconstituted AppA126 with FMN, RF or
FAD showed almost the identical 12C-ﬂavin/13C-apo spec-
trum, demonstrating that nearly the identical light-induced
protein structural changes occur in the AppA BLUF domain
retaining FAD, FMN or RF. The ﬂavin substitution induced
some changes in the dark relaxation kinetics and ﬂuorescence
properties of ﬂavin [14]. Apparently, these are not crucial for
the structural changes for the signaling state in the AppA
BLUF domain.
Fig. 2. (A) UV–visible absorption spectra of dark-adapted (dashed lines) and light-induced (solid lines) AppA BLUF domain (AppA126)
reconstituted with FMN (a), RF (b) or FAD (c). (B) Dark decay of light-minus-dark diﬀerence spectra of AppA126 reconstituted with FMN (a) or
RF (b). Spectra were corrected at 0, 5 and 15 min after illumination.
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The present results clearly demonstrated that the BLUF do-
main ofAppAunderwent nearly the identical light-induced pro-
tein structural changes even when FMN or RF was substituted
for the natural chromophore FAD. Light-induced protein
structural changes of the AppA BLUF domain have been pro-
posed to regulate the association with a repressor PpsR, inFig. 3. Light-minus-dark FTIR diﬀerence spectra of AppA BLUF
domain (AppA126) reconstituted with FMN (a), RF (b) or FAD (c),
and native non-reconstituted AppA126 (d). Dark-minus-dark spec-
trum (e) shows a signal-to-noise level. Sample temperature was 15 C.
Two to four spectra were averaged to obtain the ﬁnal data.which the BLUF domain in the light-signaling structure inter-
acts with the AppAC-terminal region to interfere sterically with
the binding of PpsR [8]. Therefore, the light-induced structural
changes of the apoprotein must play a key role in the perceptionFig. 4. Light-minus-dark FTIR diﬀerence spectra of AppA BLUF
domain (AppA126) reconstituted with FMN (a), RF (b) or FAD (c),
and native non-reconstituted AppA126 (d). AppA126 reconstituted
with unlabeled ﬂavin using uniformly 13C-labeled apoprotein (12C
ﬂavin/13C apoprotein) (a–c, solid lines) or using unlabeled (12C)
apoprotein (12C ﬂavin/12C apoprotein) (a–c, dashed lines). Native
AppA126 that was uniformly 13C-labeled (13C FAD/13C apoprotein)
(d, solid line) and unlabelled (12C FAD/12C apoprotein) (d, dashed
line). Sample temperature was 15 C. Two to four spectra were
averaged to obtain the ﬁnal data.
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replacement of FAD with FMN or RF on the protein bands
strongly indicated that the light-induced structural changes of
the apoprotein occurred normally in the absence of the ADP
moiety of FAD. The results indicate that the ADPmoiety is dis-
pensable for the structural changes of the BLUF domain for the
light signaling state, and furthermore suggest that the protein
moiety associated with the ADP moiety is not implicated in
the structural changes for the signaling state.
Based on their frequencies, the protein bands at 1632(+)/
1619() cm1 in the unlabeled AppA126 spectra have been as-
signed to C‚O stretches of a b-sheet structure [8,9]. No eﬀect of
the lack of the ADP moiety on these bands indicates that the
ADP moiety of FAD is not associated with the b-sheet, of
whose structure is changed upon illumination. Recently re-
ported X-ray structures of the AppA BLUF domain [12] and
a BLUF protein, Tll0078 [13] showed that a BLUF domain con-
sists of a ﬁve-stranded mixed b-sheet with two a-helices running
parallel with it. An isoalloxazine ring of FAD is situated be-
tween the two a-helices, in which the conserved Gln residue
(Gln63 in AppA and Gln50 in Tll0078) of a b3 strand is located
in a hydrogen bonding distance from C4‚O of FAD. There-
fore, it is conceivable that strengthening or formation of hydro-
gen bonding between the conserved Gln residue and C4‚O of
an isoalloxazine ring is responsible for the FTIR-detected light-
induced weakening of the C4‚O bond strength; the light-in-
duced protein bands for the b-sheet structure can be attributed
to structural change of the b3 strand. Presumably, the structural
change in the b3 strand triggers other changes in protein struc-
ture through rearrangement of hydrogen bond network.
Although the electron density of the ADP moiety of FAD
was not deﬁned in both the X-ray structures, the ribityl moiety
elongates toward the molecular surface composed of the two a-
helices through a gap between them. This structure is likely to be
compatible with no involvement of the ADPmoiety in the light-
induced changes of protein structure because the ADPmoiety is
possibly located away from the b-sheet moiety. Apparently,
little light-induced structural change is induced in the loci of
the a-helices which may interact with the ADP moiety.
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